A quantitative method of structural system reliability was proposed to study the influence of random rock mechanical parameters and loads on the stability of the coal seam floor above confined aquifers. To obtain the reliability probability of the floor, two modes of water-resistant floor failure were suggested as follows: (1) mining completely removed the water-resistant key strata of the floor. In this case, the failure modes were of three main types: mining failure, confined water intrusion, and combined mining failure and intrusion. (2) Failure modes included shear and tensile failures when the thickness of the key strata was greater than 0. On the basis of the elastic thin plate theory, the performance function that calculates the reliability probability of all modes could be obtained. The failure modes were regarded as the series system. The Monte Carlo method was employed to calculate the reliability probability of each failure mode and series system. The results showed that the random rock mechanical parameters and loads of the key strata significantly influence the antiwater inrush capacity of the floor. In addition, the water inrush coefficient and reliability probability can be simultaneously used as the evaluation indexes of water inrush risk. Both these indexes could improve the assessment of the reliability of the floor.
Introduction
Water inrush from mining floors above limestone aquifers, which usually have a high water pressure, is a problematic aspect of the hydrogeological and engineering geological domain of Chinese coalfields, and it critically threatens the production of coal mines. Therefore, water damage to the mine floor should be studied and the occurrence of water inrush accidents in coal mines, which is a difficult problem to solve, should be effectively curbed [1] [2] [3] . Several studies have attempted to investigate the problem of floor water inrush and have proposed various approaches, such as the water inrush coefficient [4] [5] [6] , plate model [7] [8] [9] , down three zones [10] [11] [12] , and key strata [13] [14] [15] [16] [17] . These studies revealed the mechanism of water inrush considering various aspects and provided positive guidance for mine safety production. However, all of these studies only considered deterministic methods that could not reflect the true degree of security. The geological conditions of water-resistant floors are complicated, leading to the rock mechanic parameters and loads being uncertain, given that the safety in evaluating waterresistant floors by using deterministic methods is uncertain. In contrast, the reliability theory is more suitable for studying the stability of water-resistant floor in mining.
Research on the results of using the structural reliability method to analyze the stability of a water-resistant floor of a coal seam above a confined aquifer is lacking. The reliability analysis model of the floor with the water inrush coefficient as a performance index was established by Du et al. [18] . Lu et al. [19] and Lu and Yao [20] extended the model of Du et al. [18] by employing a remaining complete rock layer as a clamped beam. In their models, the limit water pressure of the beam's strength failure based on the theory of material mechanics and elastic mechanics was used as a performance function to calculate the reliability of the water-resistant floor stability. However, as mentioned above, such studies only focused on the water inrush caused by a single failure mode and did not consider the possibility that multiple failure modes could also cause water inrush. For example, tensile or shear failure may occur in effective water-resistant floors or mining failure type and progressive intrusion of confined water may occur in an ineffective water-resistant layer. On the other hand, the water inrush coefficient can only reflect two factors, namely, the water pressure and thickness of the water-resistant layer, when selecting a structure performance function. Nevertheless, the clamped beam model derived from the mechanics of materials has poor accuracy in the analysis of deep beams with a relatively short length and height. Although the accuracy of the elastic mechanics clamped beam model is high, the stress distribution at the end of the clamped beam cannot be precisely obtained, which results in considerable errors in the solution of the limit water pressure. The accuracy of the structural reliability analysis results mainly depends on the selection of the performance function. Thus, the results of the previous calculation are not completely reliable.
To reasonably reflect the reliability of the water-resistant floor's stability, this study first applies the key strata theory to consider the effect of geostress. The key strata of the floor are regarded as a rectangular plate with four sides clamped, and the elastic mechanics plate theory is used to derive the mechanics criterion of key strata destruction, which is considered a function of structural reliability analysis. On this basis, the failure modes of the water-resistant floor are analyzed, and the reliability probability of each failure mode is calculated through a simulation employing the Monte Carlo method. The failure modes are regarded as the series system, and the reliability probability of the water-resistant floor's stability system is obtained. The mean and variance of random variables, such as rock strength parameters and ground stress, are discussed through a case, and the influence of the position of the key strata on the reliability probability is analyzed. Finally, various failure modes and the system reliability of the water-resistant floor of a certain coal mine are analyzed and evaluated.
Methodology
2.1. Mechanics of Failure Forms of Key Strata. The vertical distance of the coal seam to the roof of the confined aquifer is called the water-resistant floor and has a thickness of h (Figure 1(a) ). Before coal seam mining, owing to the existence of natural cracks in the floor, the water rises along these natural cracks to a certain height under the action of hydrostatic pressure, a rise that is called the original progressive intrusion height of confined water. The height is generally small, as shown in Figure 1(a) .
After the working face is mined, the mined-out area is formed and the weight of the overlying strata shifts to the coal and rock mass around the mined-out area to form a supporting pressure belt around the mined-out area. When the supporting pressure reaches or exceeds the ultimate strength limit of the rock floor, the rock mass in a certain range of the working face's floor is destroyed and the failure zone of the floor mining is formed (Figure 1(b) ). At the same time, under the combined influence of mining and confined water, the cracks of the original intrusion zone extend further upward to form a progressive intrusion zone of confined water. The sum of the original and progressive intrusion belts is called the intrusion zone of confined water, and it has a maximum height of h c . At present, the maximum value of this parameter is relatively larger in the structural fracture zone and is usually measured through actual measurements.
For the working face, as shown in Figure 1 , the maximum failure depth h a of floor mining during the initial stage can be determined according to the fracture mechanics theory. The stope is assumed to be a crack in the internal part of the infinite rock. For the stope, the mining thickness is much smaller than the mining width. Consequently, the calculation of stress can be simplified as a plane problem, and the maximum failure depth h a in the floor of the stope can be calculated by (1) as follows [21] :
where γ′ is the average weight of the overlying coal seam layer (kN/m 3 ), H is the cover depth of the coal seam (m), c and φ are the average cohesion (MPa) and internal friction angle (°) of the floor rock, respectively, and a is the width of the working face (m).
After solving the depth h a of the mining failure of the floor, the thickness h b of the remaining intact rock stratum can be obtained according to the instruction height h c of the confined water ( Figure 2 ). The water inrush from the floor plate depends mainly on the antiwater pressure capacity of the remaining intact rock stratum. The key strata theory states that a certain rock mass with reasonable strength and water resistance in the remaining complete rock belt, which is called the key strata of the water-resistant floor, has a thickness h k . The distance between the floor of the key strata and the floor of the coal seam is h ′ (Figure 1(b) ). Whether the confined water can break into the working face depends mainly on the water-resistant performance of the key strata, which are deformed similar to a plate under water pressure. As shown in Figure 2 , under normal mining conditions, for the longwall mining face, the key strata of the floor consist of a rectangular plate with four edges clamped when the coal seam is near horizontal or gently inclined, and a flat plate model is established.
The setting of the x-y coordinate surface coincides with the middle plane of the plate, the origin of the coordinate lies in the center of the plate, the oz axis is vertically downward 2 Geofluids toward the middle plane, and the thickness of the plate is the same as that of the water-resistant key strata h k . The x-direction is the width of the working face with length a. The ydirection is the advancing direction of the working face with length b. The average weight of the mining failure belt of the floor is γ a ; the average weight of the remaining intact rock layer is γ b ; the average weight of the key strata is γ k ; and μ k , E k , φ k , and c k denote Poisson's ratio, the elastic modulus, the internal friction angle, and the cohesive strength, respectively. The plate of the upper part is subjected to the self-weight γ a h a of the floor's mining fracture belt and the self-weight γ b (h′ − h a − h k ) of the rock layer, which is obtained from the difference between the remaining intact rock belt of the floor and the key strata. The lower part is subjected to uniform water pressure p. The self-weight of the key strata is regarded as the surface force γ k h k on the plate. Therefore, the lower part of the key strata is subjected to surface forces
It is interesting to note that the upper rock mass of the water-resisting zone is destroyed at this point; we believe that it will not bear any additional stress and will be in harmony with the key strata as it bends upward. Therefore, it is feasible and controllable to consider the dead weight of the upper rock mass of the key 3 Geofluids strata as the external load in this model. The horizontal stress N acts around the plate. A uniform load is assumed in the calculation. The expression is shown as (2) .
where k 0 is the lateral pressure coefficient, H is the cover depth of the coal seam (m) considered in the paper, and γ ′ is the average weight of the overlying coal seam layer (kN/m 3 ). Considering that the thick plate theory is not mature in mechanics, the mechanical analysis of the key strata is conducted by using the elastic thin plate theory. Given that the key strata are not damaged by mining, they can still be regarded as a continuous medium and assumed to be homogeneously isotropic. In China, the width of the longwall working face is 150-240 m, the first-time roof weighting step of the working face is approximately 30-40 m, and the water inrush of the floor often occurs during the first-time roof weighting step [8] . Meanwhile, the layer thickness of the coal-bearing sedimentary rock mass is generally below 10 m, and the plate model of the water-resistant key strata during initial mining can satisfy the general conditions of the thin plate (the ratio of thickness to width is not greater than 1/5).
Under the combined effect of the longitudinal load N and transverse load q at the lower part of the key strata, the differential equation of thin plate bending can be expressed as [22, 23] 
The above differential equations are difficult to solve accurately and can be solved by the Ritz method. The deflection function of the middle plane of the bending plate is
where w mn is the undetermined coefficient of the deflection function.
Obviously, the deflection function w can satisfy the boundary conditions of the clamped plate. Because the above equation converges quickly, the equation can be replaced by the first term and can satisfy the precision requirements of mining engineering; that is,
According to the Ritz method, the coefficient of deflection function w 11 of the key strata under the combined vertical and horizontal loads can be obtained as follows:
Thus, the deflection function, w x, y , of the key strata of the mining floor is as follows:
Equation (8) shows that the deflection of the key strata increases under the action of horizontal ground stress. In light of the elastic thin plate theory, the stress expression in the key strata of water resistance under the vertical and horizontal loads can be obtained as follows (the compressive stress is positive and the tensile stress is negative):
In the following formula,
Equation (9) shows that the stress component of the key strata is linearly distributed along the plate thickness under longitudinal and lateral loads, and the maximum value is located on the upper and lower surfaces of the plate (z = −h k /2, h k /2). The stress distribution law of the key strata is discussed below.
With the values of a = 120 m,
, and N = 5 MPa, the distributions of σ x , σ y , and τ xy under vertical and horizontal loads in the key strata can be obtained by using (9) and (10), as shown in Figure 3 (herein, only the condition of the upper surface z = −h k /2 in the key strata is analyzed, and the stress of the lower surface follows an opposite distribution law).
From the analysis of Figure 3 and (8), the center point (x = 0, y = 0, z = −h k /2) in the upper surface of the key strata experiences tensile stress with maximum values of σ x = 5.08 MPa and σ y = 23.34 MPa. The midpoint (0, ±15, z = −h k /2) of the long edge in the key strata experiences compressive stress with maximum values of σ x = 13.34 MPa and σ y = 32.81 MPa. The distribution of shear stress τ xy is symmetrically opposite at the center of the key strata with a value of zero at the center point, and the shear stress is the largest at the center of the four small rectangles (Figure 3 (c)), with a maximum value of 2.43 MPa. Similarly, the compressive stress reaches a maximum value at the center point of the lower surface of the water-resistant key strata with σ x = 15.08 MPa and σ y = 33.33 MPa, which represent magnitudes larger than those of the maximum compressive stress in the upper surface. The compressive stress of the lower surface achieves the maximum value at the center point of the long edge, with σ x = 3.34 MPa and σ y = 22.81 MPa, which represent magnitudes smaller than those of the maximum tensile stress on the surface. The shear stress at the same x and y coordinates is the same as that at the upper and lower surfaces of the plate, but in the opposite direction.
The abovementioned analytical results show that the floor key strata produce an upward bending under the combined action of the lower transverse load and longitudinal horizontal geostress, resulting in the pulling of the middle of the upper plate and the boundary region of the lower surface, as well as the pressing of the boundary regions of the upper surface and the central region of the lower plate. According to the results of the elastic mechanics calculation adopted in this paper, compared with the numerical values, the maximum tensile stress is located at the center of the upper surface of the key strata, and the maximum compressive stress is located at the center point of the lower surface. This result indicates that the center point of the key strata is the weak area of water inrush from the floor and should be given more attention. This result is different from the conclusions obtained using fixed beam analysis.
According to the stress distribution law of the key strata and the failure characteristics of rock, two main failure forms occur in the floor key strata under vertical and horizontal loads: (1) shear failure occurs in the compression part of the key strata and (2) tensile failure occurs in the tensile parts. Different applications of force to the key strata of the floor will change the water control strategy of the floor. The expression of the key strata's stress component is deduced in the preceding section, and the corresponding yield criterion can be used to obtain the mechanical evaluation formula for the two failure forms in the key strata.
The former analysis reveals that the maximum compressive stress is at the center point (x = 0, y = 0, z = h k /2) of the lower surface of the water-resistant key strata. The main stress of this point can be obtained by (9) .
In the formula,
The yield criterion of Mohr-Coulomb is adopted.
where N ϕk = 1 + sin ϕ k /1 − sin ϕ k According to (11) , (12) , and (13), the critical water pressure (without shear failure) that occurs at the key strata is
The maximum tensile stress is located in the center point (x = 0, y = 0, z = −h k /2) of the top surface of the key floor. According to (9) , the maximum tensile stress at this point is
To prevent tensile failure in the key strata, the maximum tensile stress (σ 3 ) should be less than the allowed tensile strength σ kt of the rock, that is, −σ 3 ≤ σ t . The critical water pressure (without tensile failure) that occurs in the key strata is expressed as follows:
Reliability Calculation of the Impervious Base Stability.
The reliability calculation of the stability system of the water-resistant floor mainly comes down to two problems: (1) to determine the main failure modes of the waterresistant floor and (2) to calculate the reliability of the stability system of the water-resistant floor.
Structural reliability refers to the probability that the engineering structure will complete the scheduled function within the given time and under the specified conditions [24] . As mentioned above, the two main failure modes of the water-resistant floor that lead to the floor losing its resisting function are as follows:
(1) Under mining influence, the key strata are affected by the mining failure depth of the floor and the intrusion height of the confined water, resulting in the thickness of key strata being zero, that is, the key strata are water-resistant. The failure modes can be divided into three subfailure modes in this case. The first is when the mining failure depth of h a reaches the bottom of the key strata, that is, h a ≥ h ′ ; this is known as the failure mode of the mining failure type. The second is when the intrusion height h c of the confined water reaches the top of the water-resistant key strata, that is, h c ≥ h -h c + h k ; this is known as the failure mode of the intrusion type. The third is when h a < h′ and h c < h -h c + h k , and the mining failure belt of the floor comes in contact with the intrusion zone of the confined water, that is, h a + h c ≥ h; this is called the failure mode of the combined type of mining failure and intrusion (2) When the thickness of the floor key strata satisfies h k > 0, the floor failure is mainly caused by the insufficient strength of the key strata itself. The failure of the key strata can be divided into two modes: shear and tensile failure types. Figure 4 summarizes the various failure modes of the waterresistant floor
Let X = X 1 , X 2 , X 3 , … , X n represent the basic random variables of the number of factors n that affect the waterresisting function of the floor, such as rock mass parameters, failure depth of the floor (h a ), intrusion height of the confined water (h c ), N, and lateral pressure coefficient k 0 . When the general load-resistance (R-S) mode is used, the performance function of each failure mode can be listed as given below.
The performance functions of the failure mode of mining failure and intrusion type are as follows:
When Z 11 > 0 and Z 12 > 0, the floor is in a reliable state. When Z 11 < 0 and Z 12 < 0, the water-resistant layer fails. When Z 11 = Z 12 = 0, the resulting expression is called the limit state equation of the floor structure. According to the calculation method of reliability, the failure probability in different failure modes can be obtained as follows:
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Similarly, the performance function of the combined failure mode of mining failure and intrusion is
The failure mode of the combined type of mining failure and intrusion is likely to occur when both failure modes do not occur. Therefore, failure probability can be calculated under the conditions of Z 11 > 0 and Z 12 > 0, making it a conditional probability. Hence, the failure probability of failure modes, which is the combined type of mining failure and intrusion, is as follows:
Similarly, the reliability probability of the floor is
When the thickness of the floor's key strata is not zero, the failure of the key strata is mainly caused by the lack of strength in the key strata. The performance function of shear failure is
The function of tensile failure is
Similarly, the failure mode of shear or tensile failure in the key strata is likely to occur in the case of h k ≠ 0, and the failure probability of the failure mode is also a conditional probability. The failure probability is shown below.
The failure mode of shear failure is
The failure mode of tensile failure is
Similarly, the reliability probability that prevents the key strata from experiencing shear or tensile failure modes is as follows:
For no occurrence of shear failure,
For no occurrence of tensile failure,
The methods for calculating reliability include analytical and simulation methods. The first-order second-moment method is widely used as an analytic method. The most popular simulation method is the Monte Carlo method, which is considered a relatively accurate current method in the calculation of reliability. Considering the complexity of the limit state equation of various failure modes in the floor water inrush deduced in this study, calculating the derivative is difficult when analytical methods are used. Thus, the Monte Carlo method is adopted for reliability calculation. The basic principle of this calculation is as follows.
The density function of joint probability of basic random variables X = X 1 , X 2 , X 3 , … , X n is set as f X x = f X x 1 , x 2 , … , x n , such that the failure probability of floor structure is
where I x is the indicating function of x. When x < 0, I x = 1, and when x ≥ 0, I x = 0 [25] . Equation (32) shows that the failure probability is the expected value of the indicating function. Different values of I x are obtained using the Monte Carlo method to perform bulk sampling of random variables X 1 , X 2 , X 3 , … , X n , and the mean value is the estimated value of the floor failure probability. On the basis of the various performance functions of the floor failure, the failure probability and reliability probability of each failure mode can be calculated by using the Monte Carlo method. The system reliability is a structural reliability problem for multiple performance functions. A single structural failure is mostly caused by various failure modes. When any failure mode occurs, overall structural damage occurs, and the structural system can be regarded as a series system composed of various failure modes; when all failure modes occur with structural damage, the structural system can be regarded as a parallel system. Previous analysis has indicated that the occurrence of any failure mode of the water-resistant floor will lead to the occurrence of water inrush. Hence, the structural system is a series system.
The failure probability of a series system is the sum of each failure mode. The performance function of the ith failure mode in a series system is set as Z i = gX i x , and the formula of failure probability of a series system is
When the failure probability of the series system is calculated by the Monte Carlo method using (33), according to (32), the indicating function of the series system becomes [25] 
The reliability probability of the system with a stable water-resistant floor is calculated by the method used to calculate the reliability probability of the single failure mode according to (34).
Results and Discussion
Given the width of the working face a = 120 m, b is the initial roof weight step for the working face, which is 40 m; the cover depth of the coal seam is H = 600 m, the water pressure of the confined aquifer is p = 2.5 MPa, the total thickness of the water-resistant floor is h = 45 m, the thickness of the key strata is h k = 8 m, and the distance from its bottom to the coal seam floor is 35 m. The basic random variables are listed in Table 1 . Poisson's ratio (μ) of the rock and soil mass and the weight γ changed only slightly and they can thus be regarded as constants, with the following values used for the calculation: μ k = 0 26, γ′ = 23 kN/m 3 , γ a = γ b = 26 kN/m 3 , and γ k = 28 5 kN/m 3 . All the random variables follow a normal distribution regardless of the correlation between the parameters, and the number of samplings in the calculation of reliability probability is 1 million times. In the program, the values of h a and h c calculated from each sampling are applied to the water-resistant key strata to determine if h k needs to be changed.
Effects of Random Variables on Stable Reliability
Probability. The reliability probability of each failure mode is studied by changing the mean value of a single random variable. Figures 5 and 6 , respectively, show the results when the average cohesive force c of the floor and the coefficient of horizontal pressure k 0 are taken as example variables.
From the former analysis, the random variable c affects the value of the mining failure depth h a of the floor and influences the actual thickness of the key strata through h a . The reliability probability of the failure modes of floor mining failure type, the combined intrusion and mining failure, and the shear and tensile failure modes of key strata are all affected by the change mean of c ( Figure 5 ). However, when c is higher than 6 MPa, the elevated level of each failure mode and the reliability probability of system delay obviously increases with the increase in the mean of c. This phenomenon shows that when the strength of the water-resistant floor reaches a certain value, it cannot effectively improve the reliability probability of the stability of the water-resistant floor by continually improving the floor strength. The failure mode of the intrusion type is not affected by the random variable c, and the reliability probability is stable at approximately 0.99998 ( Figure 5(a) ).
In this study, the random variable k 0 affects the occurrence probability of the failure mode of shear and tensile failure in the key strata and the system. Figure 6 shows that the reliability probability of the shear failure mode of the key strata decreases with the increase in the mean of k 0 , while the reliability probability of tensile failure mode increases. When the lateral pressure coefficient k 0 is smaller, that is, the horizontal stress is smaller, the tensile failure of the key strata is more likely to occur than the shear failure. With the increase in geostress, the tensile stress produced by the transverse bending is offset, in part owing to the existence of the horizontal compressive stress; therefore, the possibility of tensile stress occurring at the key strata decreases, while the possibility of shear failure increases. When the horizontal stress increases to a certain extent (such as 1.5), the possibility of occurrence of shear failure exceeds that of the tensile failure type. At this instant, the system reliability probability reaches the maximum value of 0.96359. Later, with the increase in the mean value of k 0 , the reliability probability of the system decreases continuously.
In addition, the reliability probabilities of the above failure modes are basically stable at approximately 0.99818, 0.99998, and 0.99994, owing to the mining failure type of the floor, and the intrusion type and the combined failure mode of the two are independent of k 0 .
Effects of Variation Coefficients on Stable Reliability
Probability. Changing the variation coefficient value of the single random variable enables the study of the reliability probability of each failure mode. Figure 7 shows the results when the average cohesive force c of the floor and the intrusion height of the confined water h c are taken as examples. 8 Geofluids Figure 7 shows that with the increase in the variation coefficient c, the failure modes associated with c and the reliability probability of the system decrease in varying degrees. When the variation coefficient reaches 1.1, the reliability probability of the system decreases significantly. When the variation coefficient c reaches 2, the failure modes of the system change from tensile failure type to mining failure. The intrusion failure mode is not affected by random variable c, and its reliability probability is basically stable at approximately 0.99998.
The value of random variable h c affects the actual thickness value of the key strata, consequently changing the value of variation coefficient h c and affecting the reliability probability of failure modes of the intrusion type, the combined mining failure and intrusion types, and the shear and tensile failure types in the key strata (Figure 8) . Similarly, as the variation coefficient h c increases, the relevance of each failure mode and the reliability probability of the system are reduced to different degrees. The reliability probability decreases in a pronounced manner when the variation coefficient reaches 2.6. The tensile failure mode is always the main failure mode of the water-resistant floor system, as shown by the analysis of the reliability probability of the system. The mining failure is not affected by random variable h c , and thus, its reliability probability is basically stable at approximately 0.99818. Reliability probabiility Shear failure type Tensile failure type System reliability probability Figure 6 : Relationship between the mean value of k0 and shear and tensile failure in key strata and the reliability probability of the system.
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The above analysis shows that the variation coefficient of random variables is inversely proportional to the stability probability of the water-resistant floor. The reliability probability of various failure modes and the system reliability probability decrease with the increase in the variation coefficient. The impact of the variation coefficient on the water-resistant floor stability is significant.
In the first failure mode,
and K 1 = h/ h a + h c are defined as the safety factors of the failure modes of the mining failure type, the intrusion type, and the combination of the two, respectively. Correspondingly, in the second main failure mode, the safety factor is defined by the ratio of the critical water pressure of (7) and (9) to the actual water pressure under the shear and tensile 10 Geofluids failures of the key strata. The safety factor is calculated using the mean values of the random variables listed in Table 1 , that is, the median safety factor. The calculation results are presented in Table 2 . Table 2 shows that when the safety factor is used to evaluate the stability of the water-resistant floor, the value is only affected by the mean of the variables. The physical and mechanical parameters of the rock mass and the randomness of the load are not fully considered. Figures 7 and 8 show that the coefficient of variation increases and the probability of reliability decreases under the same safety factor. When the safety factor is large, the reliability probability of the floor is still relatively low. Therefore, the stability of the floor cannot be guaranteed solely by the safety factor. The use of reliability theory is more objective and reasonable for studying the stability of the water-resistant floor.
Effects of Key Strata Locations on Stability Reliability
Probability. To analyze the influence of the key strata position on the stability and reliability probability of the floor, the probability of each failure mode under different ratios can be calculated by choosing different ratios of h′ to h. The result is shown in Figure 9 , which reveals that with the increase in the ratio, that is, when the key strata are far from the coal seam and the influence of mining is reduced, the reliability probability of the failure mode of mining failure type gradually increases. The reliability probability of the failure mode of the intrusion type and the combined type gradually decreases from a constant state, which indicates that the key strata are gradually affected by the intrusion of confined water. The shear and tensile failure modes of the key strata and the reliability probability of the system first increase and later decrease and reach the peak value when the ratio of h′ to h is approximately 0.7. The above findings indicate that the position of the key strata significantly influences the stability and reliability probability of the water-resistant floor; when the key strata are far from the influence range of mining and the intrusion of confined water, the stability and reliability probability of the water-resistant floor can reach the maximum value.
Application
The research results are applied to the mining of a 10-coal seam in the 103rd mining area of the Yangliu mine. The Yangliu mine is located in Suzhou City, Anhui Province, China. The 103rd mining area is located in the middle of the mine. The cover depth of the 10-coal seam is 500-650 m, and it is a monoclinic structure that tilts to the east. The ground elevation is +25 m, the distance from the top of the limestone aquifer in Taiyuan formation is 45 m (i.e., the total thickness of the water-resistant floor is h = 45 m), and the lithology of the stratum is dense with mainly mudstone, siltstone, and fine sandstone (Figure 10 ). According to the results of the 11 Geofluids limestone pumping test in the Taiyuan formation in the mining area, the cover depth of static water level of the limestone aquifer is −38 m, the unit water inflow is q = 0.0855 L/(s·m), and the water richness is weak. However, the limestone fracture develops heterogeneity and the local water-rich differences are large, which indicates a potential water risk to the safe mining of the 10-coal seam. Mining began to drain the limestone water in the mining area in 2014. The current cover depth of limestone is 340 m according to the latest observation results after the dewatering test.
The lithological analysis of the floor water-resistant layer shows that a fine sand layer 7.9 m thick appears 24.6 m below the coal seam with a stable distribution. Hence, the rock layer can be considered a water-resistant key stratum, that is, h k = 7.9 m. The mine pressure monitoring shows that the roof weighting step of the working face in this mine is 40 m.
The height of progressive intrusion in the floor confined water is large in the structural fracture zone and small in the weak area of fracture development. According to the statistical detection data on the mining area for years, the mean value of h c is 12 m, the standard deviation is 2.1 m, and the coefficient of variation is larger at 0.18. The mean value of the lateral pressure coefficient k 0 is 1.2, the standard deviation is 0.08, and the variation coefficient is not large at 0.07.
When calculating the depth of the floor mining failure, the mean and standard deviations of the physical and mechanical parameters of the floor rock mass are calculated using (35).
In the formula, h i is the ith layered thickness of the floor, u fi is the mean of the mechanical parameters of the ith layer, and σ fi is the standard deviation of the mechanical parameters of the ith layer. Table 3 lists the characteristic values of the random variables of rock parameters after the conversion of (35) according to the test data of the physical and mechanical properties of rock in the laboratory. Poisson's ratio and the weight with a subtle change are also considered as constants in the calculation by taking μ k = 0 26, γ ′ = 23 kN/m 3 , γ a = γ b = 26 kN/ m 3 , and γ k = 28 5 kN/m 3 . The various random variables in Table 3 are subjected to a normal distribution, without considering the correlation among the parameters in the calculation process.
According to the cover depth of the 10-coal seam floor, the reliability probability is calculated from the depth of 500-630 m, as given in Table 4 . Table 4 shows that water pressure increases with cover depth, while the safety factor of the mean value and the reliability probability in various failure modes of the floor decrease and the failure probability increases.
Field technicians and mine staff often use the water inrush coefficient method. This method was defined by the Coal Mine Water Prevention and Control Regulations (2009) using the following mathematical expression:
where T is the water inrush coefficient, MPa/m; p is the water pressure in the floor water-resistant layer, MPa; and M is the total thickness of the floor water-resistant layer, m. According to the water control requirements of coal mines in China and combined with the actual geological conditions of Huaibei mining area, the water inrush coefficient of the entire floor does not exceed 0.06 MPa/m. Utilizing this method helps determine the maximum safe mining depth of this mining area to be 610 m. However, the calculation results (Table 4) show that the median safety factor of various failure modes is larger when the mining depth is 610 m. Furthermore, the reliability probability of the floor is only 84.5%, and the failure probability is as high as 15.5%. The reliability probability is much lower than those reported in previous research in the literature [26] ; specifically, the reliability probability of roadway construction should not be less than 90%. The above calculation shows that if the water inrush coefficient in the traditional fixed-value method is adopted and the maximum mining depth of the 10-coal seam is determined by the safety coefficient, then water inrush from the floor occurs easily under unfavorable external factors. Therefore, it is not comprehensive and unreliable to determine the risk of water inrush from the floor using only the fixed-value method. The theory of structural system reliability should be introduced in the risk prediction of water inrush from the floor.
The application of the theory of structural system reliability in the evaluation of the water inrush of the coal mining floor above the confined aquifer is still at the trial stage and needs to be tested further in practice. A reasonable distribution model of uncertain factors, such as rock mass parameters, loads, and model sizes, should be established through the accumulation of a large amount of data for more reliable evaluation results.
Summary and Conclusions
(1) The change in the mean value of the random variable has an important influence on the water pressure resisting capability of the floor. A larger average value of the floor cohesion force corresponds to a higher probability of reliability. However, when the floor cohesion force reaches a certain value, the stability and reliability probability of the floor cannot be improved effectively. A larger lateral pressure coefficient k 0 indicates a higher horizontal compressive stress. The reliability probability of the shear failure type of the floor key strata decreases, the reliability probability of the tensile failure type increases, and the reliability probability of the series system initially increases and later decreases. The reliability probability of the system reaches the maximum value when the reliability probability of the shear failure type and the tensile failure mode is the same (2) A larger variance coefficient of the random variable corresponds to a smaller correlative failure mode and the reliability probability of the system; however, the median safety factor remains unchanged (3) The position of the key strata has an important influence on the stability and reliability probability of the water-resistant floor. When the key strata are far away from the influence range of the mining and confined water progressive intrusion, the stability and reliability probability of the water-resistant floor can reach the maximum value (4) The application of the case shows that the safety coefficient specified in the regulation and the system reliability probability calculated by the model in this study can be used as an evaluation index to obtain the evaluation results of the risk of floor water inrush more accurately and comprehensively 
